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In mouse hepatoma cells, the environmental contaminant 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, or
dioxin) induces CyplAl gene transcription, a process that requires two basic helix-loop-helix regulatory
proteins, the aromatic hydrocarbon receptor (AhR) and the aromatic hydrocarbon receptor nuclear translo-
cator (Arnt). We have used a ligation-mediated PCR technique to analyze dioxin-induced changes in protein-
DNA interactions and chromatin structure of the CyplAl enhancer-promoter in its native chromosomal
setting. Dioxin-induced binding of the AhR/Arnt heteromer to enhancer chromatin is associated with a
localized (about 200 bp) alteration in chromatin structure that is manifested by increased accessibility of the
DNA; these changes probably reflect direct disruption of a nucleosome by AhR/Arnt. Dioxin induces analogous
AhR/Arnt-dependent changes in chromatin structure and accessibility at the Cypl41 promoter. However, the
changes at the promoter must occur by a different, more indirect mechanism, because they are induced from
a distance and do not reflect a local effect of AhR/Arnt binding. Dose-response experiments indicate that the
changes in chromatin structure at the enhancer and promoter are graded and mirror the graded induction of
CyplA1 transcription by dioxin. We discuss these results in terms of a TCDD-induced shift in an equilibrium

between nucleosomal and nonnucleosomal chromatin configurations.

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD, or dioxin) is
the prototype for a class of halogenated aromatic hydrocar-
bons that are widespread environmental contaminants. Such
compounds elicit a variety of biochemical, immunological, re-
productive, and neoplastic effects in animals and pose a poten-
tial risk to human health (2, 42, 46). The diversity of TCDD’s
effects may reflect its ability to alter gene expression in a
species- and tissue-specific fashion (37, 42, 53).

The aromatic hydrocarbon receptor (AhR) is an intracellu-
lar protein that mediates the biological responses to TCDD.
The AhR contains a basic helix-loop-helix (bHLH) motif and
acts in partnership with a second bHLH protein, the Ah re-
ceptor nuclear translocator (Arnt). The AhR/Arnt heteromer
functions as a ligand-dependent DNA-binding transcription
factor in inducing the expression of dioxin-responsive genes (4,
9, 19, 30, 43, 44, 47, 51-53).

The TCDD-inducible CyplA1 gene in mouse hepatoma cells
is a useful experimental system for analyzing the mechanism of
dioxin action. Induction is rapid, direct, and AhR and Arnt
dependent and occurs at the level of transcription (13, 15, 37,
53). The DNA upstream of the CyplA41 gene contains a dioxin-
responsive enhancer, which has multiple binding sites for AhR/
Arnt and is located several hundred base pairs upstream of the
transcriptional promoter. The promoter has binding sites for
several constitutively expressed general transcription factors
but does not bind AhR/Arnt. The enhancer and promoter
function in concert during the transcriptional response to
TCDD (53).

Changes in chromatin structure accompany the induction of
CyplAI transcription by TCDD. When the gene is inactive, the
regulatory region assumes a nucleosomal configuration, and
there is no detectable binding of proteins to either the en-
hancer or the promoter in intact cells. Exposure of cells to
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TCDD leads rapidly to the binding of AhR/Arnt to the en-
hancer; this protein-DNA interaction is associated with the
disruption of the nucleosomal organization of the regulatory
region and with the binding of general transcription factors to
the promoter (7, 34, 54, 55). These observations raise questions
about the mechanism by which events at the enhancer influ-
ence the function of the promoter, which is located hundreds
of base pairs downstream, and the role of chromatin structure
in this process.

Here, we have analyzed in greater detail the alterations in
chromatin structure that accompany the induction of CyplA41
transcription by TCDD. We have focused on the enhancer-
promoter region, and we have used a ligation-mediated PCR
(LMPCR) technique that allows us to analyze the region in its
native chromosomal setting. We find that TCDD induces lo-
calized and discontinuous changes in chromatin structure and
that these changes display a graded response to the inducer.
Our findings imply that AhR/Arnt disrupts chromatin structure
by different mechanisms at the enhancer and the promoter. To
account for these observations, we envision that TCDD in-
duces a shift in an equilibrium between nucleosomal and non-
nucleosomal chromatin structures.

MATERIALS AND METHODS

Materials. DNase I and micrococcal nuclease were purchased from Boehr-
inger Mannheim. T4 DNA ligase was purchased from Promega. T4 polynucle-
otide kinase, Mnll, and Vent DNA polymerase were purchased from New En-
gland Biolabs. All other molecular biological reagents were from Sigma or
Bethesda Research Laboratories. [y-*?PJATP (3,000 Ci/mmol; 1 Ci = 37 MBq)
was from Amersham. TCDD was obtained from the National Cancer Institute
Chemical Carcinogen Reference Standard Repository.

Cell culture. Wild-type (Hepa 1c1c7) and Arnt-defective (BP"c1) mouse hep-
atoma cells were grown to 80% confluence on 100-mm tissue culture plates
(about 107 cells per plate) and treated with TCDD (dissolved in dimethyl sul-
foxide) for 2 h. In some experiments cells were treated with actinomycin D (2
wg/ml), added 30 minutes before TCDD.

Studies with DMS and LMPCR. Experiments with dimethyl sulfate (DMS)
and LMPCR to analyze protein-DNA interactions in intact cells were performed
as previously described (54, 55).
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Preparation of nuclei. For the isolation of nuclei, all buffers were kept on ice
and the cells were kept ice-cold unless otherwise noted. Four plates of cells
(about 4 x 107 cells) were harvested per sample. The culture medium was
removed, and the cells were rinsed with 5 ml of buffer A (0.3 M sucrose, 60 mM
KCl, 60 mM Tris-HCI [pH 8.0], 2 mM EDTA). Then 3 ml of buffer A was added
to each plate, and the cells were collected in a 15-ml conical centrifuge tube by
scraping with a rubber policeman. The cells were then pelleted by centrifugation
at 500 X g for 5 min at 4°C and resuspended in 4 ml of buffer A. Then 4 ml of
buffer A and 0.5% Nonidet P-40 were added, and the cells were left on ice for 5
min. The nuclei were then pelleted by centrifugation at 500 X g for 5 min at 4°C.

DNase I digestion. Nuclei were resuspended in 1 ml of buffer B (150 mM
sucrose, 80 mM KCl, 35 mM HEPES [N-2-hydroxyethylpiperazine-N’-2-ethane-
sulfonic acid, pH 7.4], 5 mM K,HPO,, 5 mM MgCl,, 2 mM CaCl,) at 22°C. Then
1 ml of buffer B plus 10 pg of DNase I per ml was added, and the nuclei were
digested for 90 s at 22°C. Buffer C (2 ml; 20 mM Tris-HCI [pH 8.0], 20 mM NacCl,
20 mM EDTA, 1% sodium dodecyl sulfate [SDS], 600 pg of proteinase K per ml)
was then added to stop the reaction. The viscous solution was then incubated at
37°C for 3 h.

Mnil digestion. Nuclei were resuspended in 200 pl of NEBuffer 2 (New
England Biolabs) at 30°C. Then 200 wl of NEBuffer 2 plus 200 U of Mnl/I per ml
was added, and the nuclei were digested for 30 min at 30°C. Buffer C (400 pl) was
then added to stop the reaction. The viscous solution was then incubated at 37°C
for 3 h.

Micrococcal nuclease digestion. Nuclei were resuspended in 1 ml of buffer D
(150 mM sucrose, 50 mM Tris-HCI [pH 7.5], 50 mM KCI, 1 mM CaCl,) at 37°C.
Buffer D (1 ml) plus 5 U of micrococcal nuclease per ml was then added, and the
nuclei were digested for 5 min at 37°C. Buffer C (2 ml) was then added to stop
the reaction. The viscous solution was then incubated at 37°C for 3 h.

Isolation of DNA. The solubilized nuclei were extracted once with an equal
volume of phenol and once with phenol-chloroform (1:1). The nucleic acid was
then precipitated from the aqueous phase with ethanol and pelleted by centrif-
ugation. The pellet was resuspended in 360 wl of water. Then 40 pl of 10X
RNase buffer (500 mM Tris-HCI [pH 7.5], 100 mM MgCl,, 50 mM dithiothreitol)
and 5 pl of 10-mg/ml RNase A were added, and the solution was digested at 37°C
for 1 h. The viscous solution was extracted with an equal volume of phenol-
chloroform, and the DNA was precipitated with ethanol. The DNA was pelleted
by centrifugation and resuspended in 200 pl of water, and the concentration of
DNA was determined by spectrophotometry. The DNA was diluted with water to
a final concentration of 1 mg/ml.

LMPCR analysis of DNA digested with DNase I or Mnll. DNA was analyzed
by LMPCR as previously described (14, 35, 48) with the following primer sets.
Set A consisted of the following: primer 1, 5'-CTTACACTAATCTCACTCT
GGGAG-3'; primer 2, 5'-GGCCAGAGAGCACCTGCAAAACAGC-3'; and
primer 3, 5'-~AGCACCTGCAAAACAGCCAGCTAGGCGTG-3'. Set B con-
sisted of the following: primer 1, 5'-TTGTCGCGCCTTGCAAAGCATA
GAT-3'; primer 2, 5'-AAACCCACCCAACGCCAGGAGAGCT-3'; and primer
3, 5'-CCCAACGCCAGGAGAGCTGGCCCTTTA-3'. Set C consisted of the
following: primer 1, 5'-ATCCATCCCCACCCTCTAGATGAAG-3'; primer 2,
5'-CGAACTTCGGCCGATACCCAATTTG-3'; and primer 3, 5'-GGCCGAT
ACCCAATTTGTGGGGCACAG-3'. Set D consisted of the following: primer 1,
5’-CCTCAGTGGGATTATGCACTGT-3'; primer 2, 5'-CTGTCCATGGAG
GACCTTGAAAGTG-3'; and primer 3, 5'-CTGCCTAGAGCACTCCCTAAG
GCTGTCC-3'.

For all primer sets, the annealing temperatures were as follows: primer 1,
47°C; primer 2, 60°C; and primer 3, 66°C. All samples were denatured for 3 min
at 95°C immediately prior to the first PCR cycle. The conditions for 15 cycles of
amplification were 1 min at 94°C for denaturation, 2 min at 60°C for annealing
primer 2, and 3 min at 76°C for extension. The time period of the extension cycle
was increased an additional 5 s for every cycle. The conditions for primer
extension of the end-labeled primer 3 were 3 min at 95°C for denaturation, 2 min
at 66°C for annealing primer 3, and 10 min at 76°C for extension. For studies of
accessibility, equal amounts of the LMPCR mixture (representing equal amounts
of genomic DNA) were analyzed on an 8% denaturing polyacrylamide gel. The
gel was then fixed, dried, and autoradiographed with Amersham Hyperfilm-MP.
For studies of protein-DNA interactions (DNA footprinting), some LMPCR
samples were diluted to equalize banding intensity as visualized by autoradiog-
raphy.

LMPCR analysis of DNA digested with micrococcal nuclease. To map double-
stranded micrococcal nuclease digestion sites, the isolated DNA was phosphor-
ylated with polynucleotide kinase and the first primer extension step was omitted,
as previously described (32). Otherwise, LMPCR was done as described above.

RESULTS

DNase I versus DMS for analyzing protein-DNA interac-
tions in situ. Previously, we analyzed the TCDD-induced bind-
ing of AhR/Arnt and other transcription factors to the CypiA41
regulatory region in intact cells with DMS as a DNA-reactive
probe. Such experiments provide valuable information about
the pattern of protein binding to the enhancer and promoter in
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FIG. 1. DMS and DNase I as probes of the CyplA41 regulatory region. Un-
treated (—) and TCDD-treated (1 nM, 2 h) (+) Hepa 1clc7 cells were exposed
to DMS or used to isolate nuclei, which were subsequently exposed to DNase 1.
Naked genomic DNA (N) was also exposed to these agents in vitro. The pattern
and extent of DNA modification were assessed by LMPCR with primer set B.
The arrow indicates a guanine residue protected from DMS modification in
response to TCDD. The vertical lines indicate regions which exhibit a TCDD-
induced increase in DNase I susceptibility. The binding site for AhR/Arnt is
indicated.

their native chromosomal context (54, 55). However, DMS is
relatively insensitive to histone-DNA interactions; even in the
nucleosome, DMS readily modifies DNA (31). Therefore,
DMS is not optimal for analyzing the changes in chromatin
structure that accompany the induction of CyplAI transcrip-
tion by TCDD. In contrast, nucleases have diminished access
to DNA in chromatin and are likely be more useful for study-
ing TCDD-induced changes in chromatin structure (16). To
test this idea, we compared the effectiveness of DMS and
DNase I in detecting (i) the binding of AhR/Arnt to chromatin
and (ii) an altered chromatin structure associated with AhR/
Arnt binding. Our findings indicate that both DMS and DNase
I detect the TCDD-inducible binding of AhR/Arnt to its rec-
ognition sequence (Fig. 1; compare lanes 2 and 3 and lanes 5
and 6); however, only DNase I detects an associated increase in
reactivity of the DNA that flanks the AhR/Arnt binding site
(Fig. 1; compare lanes 5 and 6). The increased susceptibility to
nuclease digestion likely reflects a change in chromatin struc-
ture (such as loss of a nucleosomal configuration). Therefore,
we used nuclease digestion combined with an LMPCR tech-
nique to analyze changes in protein-DNA interactions and
nuclease susceptibility that accompany the induction of
CyplAI transcription by TCDD.

TCDD-induced changes in transcription factor binding to
the CyplAI regulatory region. Our studies involve the prepa-
ration of nuclei prior to nuclease digestion. To verify that the
experimental manipulations do not generate artifacts in the
binding of transcription factors to the CyplAl regulatory re-
gion, we analyzed the pattern of TCDD-inducible protein-
DNA interactions at the enhancer and promoter. The data
presented in Fig. 2 are representative examples of our findings.
In uninduced cells, the enhancer-promoter region exhibits no
areas of nuclease resistance, a finding which implies the ab-
sence of DNA-bound regulatory proteins. This observation is
consistent with our previous results with DMS (54, 55) and
argues against the idea that a repressor protein(s) inhibits
CyplAI transcription in uninduced cells. Our data also imply
that constitutively expressed general transcription factors are
unable to bind to the enhancer-promoter region in uninduced
cells. The nucleosomal organization of the DNA plausibly ac-
counts for this result (34).

Exposure of cells to TCDD is associated with the appear-
ance of multiple nuclease-resistant regions, implying the pres-
ence of DNA-bound proteins. At the enhancer, nuclease re-
sistance appears at several binding sites for AhR/Arnt; in
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FIG. 2. Analysis of protein-DNA interactions at the CyplAI regulatory re-
gion with DNase I and LMPCR. Nuclei isolated from untreated Hepa 1c1c7 cells
(control) or cells treated with TCDD (1 nM, 2 h) and/or actinomycin D (2 pg/ml,
2.5 h) (Act D) were exposed to DNase I, and the cleavage pattern was analyzed
by LMPCR. Naked genomic DNA digested with DNase I in vitro was also
analyzed. Distances (in base pairs) from the CyplA41 transcriptional start site are
indicated. (A) Protein-DNA interactions on the CyplAIl enhancer; LMPCR
analysis with primer set B. Binding sites for AhR/Arnt, Sp1, and the G-box-
binding protein (GBP) are indicated. The samples loaded in lanes 4 and 5 were
diluted eightfold to normalize banding intensity. (B) Protein-DNA interactions
on the CypIlAI promoter; LMPCR analysis with primer set D. Binding sites for
nuclear factor 1 (NF1) and TBP are indicated. The samples loaded in lanes 9 and
10 were diluted 12-fold to normalize banding intensity.

addition, we observe TCDD-inducible nuclease resistance at a
recognition motif for Spl and at a G-rich sequence (Fig. 2A).
At the promoter, TCDD induces nuclease resistance at a
TATAAA sequence, at a recognition motif for the transcrip-
tion factor NF1, and at a G-rich sequence (Fig. 2B and data not
shown). We infer that these changes reflect the binding of the
cognate proteins to DNA. Thus, our findings indicate that the
binding of AhR/Arnt to the enhancer is associated with the
binding of constitutively expressed transcription factors to both
the enhancer and the promoter. Studies described later ad-
dress the mechanism of this process in greater detail.

Our experiments with nuclei and DNase I detect each of the
protein-DNA interactions found previously in studies with in-
tact cells and DMS (54, 55). Our studies also reveal a protein-
DNA interaction that is not detectable with intact cells and
DMS, namely, the TCDD-inducible occupancy of the TATA
box (Fig. 2B). Presumably, this reflects the binding of the
TATA-binding protein (TBP) to the CyplAI promoter. Our
findings imply that the isolation of nuclei and the use of nucle-
ases do not substantially perturb protein-DNA interactions at
the CyplA1 enhancer and promoter. Therefore, we infer that
our observations accurately reflect the behavior of the CyplA41
regulatory region in its native chromosomal setting.

Actinomycin D, at a concentration that blocks Cypl1A41 tran-
scription by >95%, fails to inhibit the TCDD-induced binding
of transcription factors to the CyplAI regulatory region (Fig.
2A and B). Therefore, the protein-DNA interactions reflect
primary effects of TCDD rather than responses that occur
secondary to transcription. Time course studies indicate that
the TCDD-induced changes occur within 30 to 60 min (data
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FIG. 3. TCDD induces localized increases in accessibility of the CyplAl
regulatory region. Nuclei isolated from untreated Hepa 1clc7 cells (—) or cells
treated with TCDD (1 nM, 2 h) (+) were exposed to DNase I or MnlI, and the
cleavage pattern was analyzed by LMPCR. Naked genomic DNA digested with
these agents in vitro was also analyzed (N). All bands in the Mn/I-digested
samples represent bona fide MnlI cleavage sites, as predicted by DNA sequence
analysis. Distances (in base pairs) from the CypIAI transcriptional start site are
indicated. The vertical lines indicate regions which exhibit a TCDD-induced
change in accessibility. (A) LMPCR analysis with primer set A. (B) LMPCR
analysis with primer set C.

not shown), which is the same time frame as induction of
CyplAI transcription by TCDD (21). These observations tend
to implicate protein-DNA interactions in the induction mech-
anism.

TCDD induces localized increases in nuclease susceptibility
at the CyplAI regulatory region. The binding of transcription
factors to CyplA1 chromatin represents one type of alteration
induced by TCDD. In addition, we find that the chromatin in
the vicinity of the protein binding sites exhibits an increase in
nuclease susceptibility, a result that presumably reflects an
alteration in chromatin structure. Interestingly, the increased
nuclease susceptibility is not uniform but is localized to dis-
crete domains of chromatin. For example, the region that ex-
tends from about —580 to —400 exhibits a TCDD-induced
increase in susceptibility to DNase I and to the restriction
enzyme Mnll (Fig. 3A and B). This region is centered around
a binding site for AhR/Arnt; there is no evidence that other
proteins bind to DNA within this region. Therefore, we infer
that the binding of AhR/Arnt to the enhancer alters the struc-
ture of about 180 bp of DNA.

In contrast, the neighboring regions of chromatin, both up-
stream (from about —580 to —760) and downstream (from
about —400 to —200), exhibit no increases in nuclease suscep-
tibility in response to TCDD (Fig. 3A and B, respectively).
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Furthermore, both regions are relatively resistant to nuclease
digestion compared with naked DNA. Both regions are ap-
proximately nucleosomal in size and display no evidence of
transcription factor binding, even though the upstream region
contains a recognition motif for Sp1l. We infer, therefore, that
both of these regions maintain a nucleosomal structure, even
in the presence of TCDD. The absence of a 10-base DNase I
ladder implies that the nucleosomes do not have a defined
helical setting within these regions.

Still farther upstream, we observe a relatively long chroma-
tin domain (spanning approximately —760 to —1600) that ex-
hibits a TCDD-inducible increase in nuclease susceptibility
(Fig. 3A and data not shown). This region contains multiple
recognition motifs for AhR/Arnt, as well as an Sp1 binding site
and a G-rich sequence, all of which exhibit TCDD-inducible
protein binding (Fig. 2A and data not shown). Therefore, in
this region of the enhancer, the data again reveal an associa-
tion between the binding of AhR/Arnt and an increased sus-
ceptibility of the neighboring DNA to nucleases. Note that the
decreased susceptibility of one Mnll site (near bp —1000) in
TCDD-induced cells occurs at an AhR/Arnt binding site; thus,
that particular site is probably protected from Mn/I digestion
by the binding of AhR/Arnt. Our results are consistent with the
idea that the binding of AhR/Arnt alters the structure of en-
hancer chromatin and stabilizes a configuration in which the
DNA is more accessible to other DNA-binding proteins. For
example, even though the cell expresses Sp1 constitutively, the
binding of Sp1 to the enhancer is TCDD dependent and occurs
only in a nuclease-sensitive region. This behavior suggests that
Sp1 binding occurs secondarily to an alteration in chromatin
structure that increases the accessibility of enhancer DNA.

A third area that undergoes a TCDD-induced increase in
nuclease susceptibility is localized between about —200 and
+20 and includes the CyplAl promoter (Fig. 3B). The in-
creased susceptibility is associated with the binding of several
constitutively expressed general transcription factors to the
promoter (Fig. 2B and data not shown). Again, these findings
reveal an association between increased susceptibility to nucle-
ases and increased binding of transcription factors. However,
the promoter contains no binding sites for AhR/Arnt; there-
fore, the mechanism by which the changes occur at the pro-
moter must differ from that at the enhancer.

We used micrococcal nuclease to further analyze the nucle-
ase-resistant regions of the CyplAI regulatory region. Our
findings (Fig. 4) reveal that, in both uninduced and TCDD-
induced cells, the region spanning —400 to —200 is resistant to
digestion, compared with naked DNA. This finding confirms
our observations with DNase I and Mrn/I and implies that the
region maintains a nucleosomal configuration even in induced
cells. The nuclease-resistant region is flanked by DNA that is
more susceptible to micrococcal nuclease; this may be linker
DNA or DNA that is in a nonnucleosomal configuration. A
technical issue (lack of sufficient micrococcal nuclease cleavage
sites) prevented us from analyzing the region between —760
and —580 in a similar fashion (data not shown).

Its inducibility by TCDD implies that the increased nuclease
susceptibility of the CyplAI regulatory region requires AhR.
The data in Fig. 5 indicate that the increase in nuclease sus-
ceptibility at the promoter also requires the Arnt protein, be-
cause it does not occur in Arnt-defective cells. Similarly,
TCDD fails to elicit increased nuclease susceptibility at the
enhancer in Arnt-defective cells (data not shown). Therefore,
our results indicate that the TCDD-inducible changes in pro-
tein binding and nuclease susceptibility at the promoter are
AhR/Arnt dependent. However, because the promoter con-
tains no AhR/Arnt binding sites, the changes must occur by a
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FIG. 4. Nucleosome exists between the CyplAl enhancer and promoter.
Nuclei isolated from untreated Hepa 1c1c7 cells (—) or cells treated with TCDD
(1 nM, 2 h) (+) were exposed to micrococcal nuclease, and the cleavage pattern
was analyzed by LMPCR with primer set C. Naked genomic DNA digested with
micrococcal nuclease in vitro was also analyzed (N). Distances (in base pairs)
from the CypI1A1 transcription start site are indicated. The vertical line indicates
the chromatin region resistant to micrococcal nuclease digestion.

mechanism that does not involve the binding of AhR/Arnt in
the immediate vicinity. In addition, between the promoter and
the nearest AhR/Arnt binding site there is a region of chro-
matin (spanning about —200 to —400) that does not undergo a
structural change in response to TCDD. These data indicate
that the TCDD-induced increase in promoter accessibility is
not propagated directly along the chromatin fiber from an
AhR/Arnt binding site on the enhancer. Instead, AhR/Arnt
acts at a distance to alter chromatin structure at the promoter.

Our findings (Fig. 5) also reveal that in Arnt-defective cells,
the CyplA1 promoter is less accessible than in uninduced wild-
type cells; in turn, the uninduced wild-type promoter is less
accessible than the promoter in TCDD-induced wild-type cells.
These differences in promoter accessibility mirror the corre-
sponding transcription rate of the CyplA1l gene, which is un-
detectable in Arnt-defective cells, low in uninduced wild-type
cells (due to weak inducers in the culture medium), and high in
TCDD-induced wild-type cells. To further document the oc-
currence of graded changes in chromatin structure, we ana-
lyzed the nuclease susceptibility of the regulatory region as a
function of TCDD concentration (Fig. 6). Our findings indi-
cate that, at both the enhancer and the promoter, nuclease
susceptibility increases as the dose of TCDD is raised; the
half-maximal effect occurs between 10 and 100 pM TCDD at
both regulatory elements. This concentration-effect relation-
ship mirrors that for the induction of CypIAI transcription by
TCDD (20). These findings imply that the changes at the
enhancer, the changes at the promoter, and the increased
transcription rate have a common mechanism, which permits a
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FIG. 5. TCDD-induced accessibility changes on the CyplAl promoter are
Arnt dependent. Nuclei isolated from untreated (—) or TCDD-treated (1 nM, 2
h) (+) wild-type (WT) or Arnt-defective (Arnt-) Hepa 1clc7 cells were exposed
to DNase I, and the cleavage pattern was analyzed by LMPCR with primer set
C. Distances (in base pairs) from the CypIlAI transcription start site are indi-
cated. The vertical line indicates the region which exhibits a TCDD-induced
change in accessibility.

graded response to TCDD. Figure 7 summarizes the protein-
DNA interactions and the regions of increased accessibility
that TCDD induces in the CyplAI regulatory region. A mech-
anistic explanation of the transcriptional response to TCDD
must account for these observations.

DISCUSSION

Cytochrome P4501A1 is an inducible microsomal enzyme
that catalyzes the oxygenation of various aromatic hydrocarbon
substrates. This biotransformation represents the initial event
in what is usually a detoxification pathway, which converts
lipophilic compounds to water-soluble metabolites. Under
some conditions, P4501A1 generates chemically reactive arene
oxide intermediates that produce toxic effects by binding co-
valently to cellular constituents (6). The environmental con-
taminant TCDD is of particular interest not only because it is
the most potent known inducer of P4501A1 but also because it
is a poor substrate for such detoxifying enzymes. As a result,
TCDD is resistant to metabolic processing and tends to accu-
mulate in tissues over time, a situation that complicates the
task of assessing the risk that dioxin poses to human health (2).

The dioxin-responsive CyplA1 gene constitutes an interest-
ing system for analyzing the mechanism by which a chemical
signal induces mammalian gene transcription (13, 53). The
LMPCR technique allows us to study the CyplAI gene in its
native chromosomal configuration, thereby avoiding potential
artifacts that may occur in experimental systems involving re-
constituted chromatin or episomes. For example, studies of the
steroid hormone-responsive mouse mammary tumor virus
(MMTYV) promoter reveal that its chromatin structure in an
episomal context is not necessarily indicative of its structure in
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FIG. 6. TCDD induces a graded change in accessibility of the CyplA41 reg-
ulatory region. Nuclei isolated from Hepa 1clc7 cells exposed for 2 h to the
indicated concentration of TCDD were exposed to DNase I, and the cleavage
pattern was analyzed by LMPCR. Distances (in base pairs) from the CyplAl
transcriptional start site are indicated. The vertical lines indicate regions which
exhibit a TCDD-induced change in accessibility. (A) LMPCR analysis with
primer set A. (B) LMPCR analysis with primer set C.

a chromosomal context (1, 28, 36, 40). The results of our
DNase I footprinting experiments in nuclei (Fig. 2) agree with
and extend those of our previous DMS footprinting studies in
intact cells. These findings imply that the preparation of nuclei
does not substantially alter protein-DNA interactions at the
CyplAI enhancer-promoter and support the hypothesis that
our results accurately reflect the properties of the gene in its
native chromosomal setting.

CyplAI induction requires AhR, Arnt, and the dioxin-re-
sponsive enhancer and exhibits a graded response to TCDD
(20, 53); furthermore, the CyplAI promoter is silent in the
absence of an enhancer (23). Thus, CyplAI induction involves
a transcriptional mechanism that not only switches the gene
from an “off” state to an “on” state but also modulates the
“on” state in graded fashion. We speculate that other inducible
genes which exhibit analogous behavior may utilize a similar
mechanism. In contrast, inducible genes that display substan-
tial constitutive (basal) transcription probably use a different
mechanism(s), which permits promoter activity in the absence
of inducer.

Our previous experiments reveal that when the CyplA1I gene
is inactive, the chromatin of the enhancer-promoter region
assumes a nucleosomal organization, and general transcription
factors fail to bind DNA (34, 54, 55). The repressive effect of
nucleosomes on transcription factor binding constitutes a plau-
sible explanation for the inactivity of CyplAI in uninduced
cells (12, 17, 18, 27, 39). The induction of CypIAI transcription
by TCDD is associated with disruption of the nucleosomal
organization at the enhancer and with loss of a positioned
nucleosome at the promoter, findings that further emphasize a
relationship between chromatin structure and CyplAI gene
expression (34).

Our present experiments indicate that induction of tran-
scription is associated with two types of change in CyplAl
enhancer-promoter chromatin: (i) binding of proteins and (ii)
increased susceptibility to nuclease digestion. We infer that the
binding of AhR/Arnt to the enhancer initiates these changes,
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because all are TCDD inducible and AhR/Arnt dependent.
The binding of AhR/Arnt to the enhancer is associated with
the conversion of about 180 bp of DNA to a nuclease-sensitive
configuration; the size of the region suggests that the alteration
reflects the disruption of a nucleosome. Therefore, we envision
that the increased accessibility of DNA near AhR/Arnt binding
sites reflects local nucleosomal disruption. The bending of
DNA by AhR/Arnt may help to stabilize the DNA in a non-
nucleosomal configuration (8).

A mechanistic explanation for AhR/Arnt’s ability to alter
chromatin structure must account for our observation that
TCDD induces graded increases in the nuclease susceptibility
of the CyplAI enhancer and promoter (Fig. 6). These graded
changes parallel the progressive increase in CyplA1 transcrip-
tion that occurs in response to TCDD (20). One explanation
for the graded change is simply that the cell population is
heterogeneous with respect to the time course of induction
and/or sensitivity to TCDD. Our previous flow cytometric anal-
ysis of P4501A1 enzyme induction in individual wild-type cells
revealed that the kinetics of induction were similar in all cells.
Analyses performed at 3 pM TCDD suggested the existence of
some heterogeneity in responsiveness, of undetermined origin;
however, at 10 pM and 1 nM TCDD, the cell population
responded relatively homogeneously to TCDD (33). These
findings imply that heterogeneity in TCDD responsiveness
could account for some, but not all, of the graded increase in
nuclease susceptibility that TCDD induces at the CyplAI en-
hancer and promoter. Therefore, we envision that the graded
changes primarily reflect TCDD-induced shifts in an equilib-
rium that exists between different chromatin structures.

Several forms of “dynamic competition” (3, 12, 49) can
account for the changes that occur at the enhancer. One type
of mechanism supposes (i) that even when the Cyp1AI gene is
inactive, each chromatin subunit exists in equilibrium between
a nucleosomal state (in which the DNA is “inaccessible”) and
a nonnucleosomal state (in which the DNA is “accessible”)
and (ii) that AhR/Arnt can only bind to DNA in the nonnu-
cleosomal state. Raising the concentration of TCDD (which, in
turn, increases the concentration of AhR/Arnt) would shift the
equilibrium towards the nonnucleosomal, accessible configu-
ration and, as observed, the chromatin in the vicinity of AhR/
Arnt binding sites would exhibit enhanced susceptibility to
DNase I. This mechanism seems relatively implausible, given
the number of histone-DNA and histone-histone interactions
that would require spontaneous abrogation for it to occur. A
second type of dynamic competition supposes that AhR/Arnt
can bind to its recognition sequence in the nucleosome, pro-
ducing an alteration in structure and stabilizing the DNA in a
nonnucleosomal, accessible configuration. Increasing the con-
centration of TCDD would shift the equilibrium by increasing
the concentration of AhR/Arnt at DNA target sites on the
enhancer. This mechanism requires that AhR/Arnt be able to
overcome the repressive effects of the histones on transcription
factor binding. Therefore, AhR/Arnt’s ability to invade and

disrupt the nucleosome might require additional activities that
weaken histone-DNA interactions (such as histone acetylation
and/or displacement of histone H1). The process of stabilizing
enhancer chromatin in a nonnucleosomal configuration might
also require energy and/or “remodeling” factors (3). We note,
however, that our analyses reveal no evidence that AhR/Arnt
requires additional DNA-binding proteins to alter chromatin
structure.

The TCDD-inducible, AhR/Arnt-dependent change in chro-
matin structure at the CyplA4I promoter must occur by a mech-
anism different from that at the enhancer, because the pro-
moter contains no AhR/Arnt binding sites. Our analyses of
accessibility indicate that the structural change at the promoter
is not propagated directly along the chromatin fiber from the
enhancer (Fig. 3 and 4). Therefore, AhR/Arnt must target and
influence the promoter’s nucleoprotein structure from a dis-
tance. In addition, the mechanism must allow for a graded
change at the promoter in response to TCDD (Fig. 6). Given
these constraints, we envision that the binding of AhR/Arnt
heteromers to the enhancer allows them to facilitate (via pro-
tein-protein interactions) the binding of general transcription
factors to promoter DNA. Increasing the concentration of
enhancer-bound AhR/Arnt molecules would increase the sta-
bility of the transcription complex at the promoter, thereby
producing a graded response to TCDD. This hypothesis pre-
dicts that enhancer-bound AhR/Arnt molecules contact a pro-
tein component(s) of the transcriptional apparatus at the pro-
moter; it is consistent with the observation that both AhR and
Arnt exhibit transactivation capability (22, 29, 52).

The mechanism by which AhR/Arnt might facilitate the
binding of general transcription factors, such as TBP, to pro-
moter DNA remains to be determined. The inactive promoter
may exist in equilibrium between nucleosomal and nonnucleo-
somal states, and AhR/Arnt may stabilize (directly or via in-
termediary factors) the binding of general transcription factors
to the nonnucleosomal state, thereby shifting the equilibrium
towards a nuclease-sensitive configuration. Alternatively,
AhR/Arnt may be able to recruit a transcription factor(s) to
the promoter and/or alter the properties of a factor(s) so that
the protein(s) can actively displace a histone octamer from the
promoter. In both instances, TBP-induced DNA bending may
help to stabilize the promoter in a nonnucleosomal configura-
tion that is sensitive to nucleases (25, 26). The multiplicity of
AhR/Arnt binding sites on the enhancer suggests that several
AhR/Arnt molecules simultaneously contact proteins at the
promoter, increasing the stability of the transcriptional com-
plex.

We note that AhR/Arnt increases the transcription of naked
DNA templates in vitro and of reporter plasmids transiently
transfected into cultured cells (24, 50); nucleosomes may not
exist on either of these templates. Furthermore, several
TCDD-inducible, AhR/Arnt-dependent genes exhibit substan-
tial constitutive activity, findings which imply that their pro-
moters are maintained in an accessible, nonnucleosomal con-
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figuration even in the absence of TCDD (11, 38, 41). These
observations argue against the idea that AhR/Arnt’s primary
role in the induction mechanism is to generate an accessible
chromatin structure. Instead, we envision that AhR/Arnt re-
cruits additional components of the transcriptional machinery
and/or stabilizes the formation of an active transcriptional
complex at the promoters of TCDD-responsive genes.
Changes in the chromatin structure of the promoter may occur
as a result of this primary process.

The promoters for some inducible eukaryotic genes are
“preset” in an accessible configuration, and activation of tran-
scription is associated with little change in the structure of
promoter chromatin; in contrast, at other promoters, nucleo-
somes “remodel” to a more accessible configuration during the
induction process (49). Our findings indicate that the CyplA41
promoter is in the latter category. Thus, to some extent, the
CyplAI induction mechanism resembles that described for
PHOS5, MMTYV, and tyrosine aminotransferase, which also ex-
hibit inducible chromatin remodeling. However, PHOS5 and
MMTV differ from CyplAI in that there is no chromatin re-
gion that remains nucleosomal between the promoter and the
activator-protein binding site. Therefore, for PHO5 and
MMTYV, remodeling appears to result directly from the binding
of regulatory proteins in the immediate vicinity of the pro-
moter (10, 45). In the case of tyrosine aminotransferase, the
promoter is preset in an accessible configuration, and only the
enhancer undergoes remodeling (5). Thus, because AhR/Arnt
alters chromatin structure both locally (at the enhancer) and at
a distance (at the promoter) without affecting the intervening
chromatin, the CyplA1 induction mechanism is different from
those described previously.

Our experiments also confirm that substantial differences
exist in the ability of transcription factors to bind to inactive
chromatin. In the CyplAI system, some factors (such as AhR/
Arnt) are able to access DNA even in the nucleosome and can
initiate a transcriptional response. Other factors (such as Spl
and TBP) cannot interact with nucleosomes and cannot trigger
transcription by themselves. The biochemical basis for these
functional differences between AhR/Arnt and general tran-
scription factors represents an interesting area for future re-
search.
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